Blood production is ensured by rare, self-renewing haematopoietic stem cells (HSCs). How HSCs accommodate the diverse cellular stresses associated with their life-long activity remains elusive. Here we identify autophagy as an essential mechanism protecting HSCs from metabolic stress. We show that mouse HSCs, in contrast to their short-lived myeloid progeny, robustly induce autophagy after ex vivo cytokine withdrawal and in vivo calorie restriction. We demonstrate that FOXO3A is critical to maintain a gene expression program that poises HSCs for rapid induction of autophagy upon starvation. Notably, we find that old HSCs retain an intact FOXO3A-driven pro-autophagy gene program, and that ongoing autophagy is needed to mitigate an energy crisis and allow their survival. Our results demonstrate that autophagy is essential for the life-long maintenance of the HSC compartment and for supporting an old, failing blood system.
Blood production is ensured by rare, self-renewing haematopoietic stem cells (HSCs). How HSCs accommodate the diverse cellular stresses associated with their life-long activity remains elusive. Here we identify autophagy as an essential mechanism protecting HSCs from metabolic stress. We show that mouse HSCs, in contrast to their short-lived myeloid progeny, robustly induce autophagy after ex vivo cytokine withdrawal and in vivo calorie restriction. We demonstrate that FOXO3A is critical to maintain a gene expression program that poises HSCs for rapid induction of autophagy upon starvation. Notably, we find that old HSCs retain an intact FOXO3A-driven pro-autophagy gene program, and that ongoing autophagy is needed to mitigate an energy crisis and allow their survival. Our results demonstrate that autophagy is essential for the life-long maintenance of the HSC compartment and for supporting an old, failing blood system.
Understanding how tissue homeostasis is maintained throughout life is a fundamental question in biology, with critical implications for ageing and disease development 1 . Every cell of an organism must contend with an array of intrinsic and extrinsic stresses, which are exacerbated with age and place enormous functional demands on each tissue. Self-renewing stem cells must constantly counterbalance the deleterious effects of chronic stress by generating new cells to replace those that become damaged or destroyed. This is particularly critical for the maintenance of tissues with high cellular turnover such as the blood system 2 . Although HSCs efficiently give rise to all mature blood cells in young individuals, they often fail or accumulate damage with age, resulting in the development of serious and often fatal diseases including bone marrow failure syndromes and leukaemias 3 . Whereas much is known about the mechanisms controlling HSC self-renewal and differentiation activities 2, 4 , less is understood about the pathways used by HSCs to combat cellular stress.
Autophagy and apoptosis are two major stress-response pathways that are often co-regulated but elicit opposite cellular outcomes 5 . Autophagy is a self-catabolic process by which cellular components are sequestered into double-membrane vacuoles, called autophagosomes, and degraded through the lysosomal machinery 6 . In addition to this 'housekeeping' function, autophagy also has an essential 'adaptive' survival role by maintaining nutrient and energy levels during periods of metabolic starvation or stress. In contrast, apoptosis results in the self-elimination of excessively damaged or nonfunctional cells, which safeguards the overall health of the organism 7 . Common upstream signalling components regulate both apoptosis and autophagy 8, 9 , and numerous experiments reveal that stresses may trigger either process depending on the cellular context. Inhibition of either pathway by both genetic and chemical means can also result in the activation of the other; that is, blocking apoptosis in cells that normally would die can trigger autophagy and survival, whereas blocking autophagy induction in cells that normally would survive rapidly induces apoptosis.
HSCs, like other cells in the body, have the capacity to induce cell death through apoptosis when they become superfluous or irreversibly damaged 10 . Autophagy has also been shown to control essential processes within the blood system, including immune regulation 11 , lymphocyte survival 12, 13 , erythroid cell maturation 14, 15 and maintenance of fetal HSCs 16, 17 . However, as there are major differences between fetal and adult HSCs, particularly with respect to their cell cycle status 18 , it remains to be established whether autophagy has a specific role in protecting quiescent adult HSCs.
Autophagy induction in HSCs
To determine whether haematopoietic stem and progenitor cells can induce autophagy, we isolated HSCs (Lin 2 c-Kit 1 Sca1 1 Flk2 2 CD48 2 CD150 1 ) and granulocyte/macrophage progenitors (GMPs; Lin 2 c-Kit 1 Sca1 2 CD34 1 FccR 1 ) from the bone marrow of GFP-LC3 transgenic mice 19 ( Supplementary Fig. 1a ). We monitored autophagy induction ex vivo upon culture with or without cytokines by assaying the formation and turnover of punctate GFP-LC3, indicative of autophagosome formation and autolysosome degradation, respectively 20 . We first confirmed that cytokine withdrawal induced a metabolic stress as evidenced by decreased glucose uptake in HSCs and GMPs cultured without cytokines ( Supplementary Fig. 1b , c). We also treated HSCs and GMPs with the lysosomal inhibitor bafilomycin A (BafA) to block autolysosome destruction and trap the resulting punctate GFP-LC3. Whereas punctate GFP-LC3 was seen in GMPs upon culture with cytokines, autophagosome formation was not further enhanced by cytokine withdrawal (Fig. 1a ). In contrast, HSCs displayed no detectable punctate GFP-LC3 when cultured in the presence of cytokines, but exhibited robust puncta formation after cytokine withdrawal ( Fig. 1b ). We independently validated these observations using transmission electron microscopy 20 . Although freshly isolated GMPs readily displayed autophagic vacuoles (Supplementary Fig. 2a ), we found no signs of autophagy in freshly isolated HSCs and observed autophagic vacuoles only upon starvation ( Fig. 1c and Supplementary Fig. 2b ). We then used flow cytometry 21 to measure GFP-LC3 fluorescence levels with or without BafA, which allows for the quantification of autophagy flux in HSCs and GMPs ( Supplementary Fig. 3a ). As expected, HSCs showed a clear loss in GFP-LC3 levels when cultured without cytokines, with minimal changes upon culture with cytokines ( Fig. 1d ). In contrast, GMPs had a similar loss of GFP-LC3 when cultured with or without cytokines ( Supplementary Fig. 3b ). Consistent with these analyses, we also found that only starved HSCs, and not starved GMPs, had decreased levels of intracellular p62 protein 20 ( Supplementary Fig. 3c ). Finally, we deprived GFP-LC3 mice of food for 24 h as calorie restriction has been shown to induce autophagy potently 19 . As expected, we observed a significant decrease in GFP-LC3 levels in HSCs, but not myeloid progenitors, hence confirming autophagy induction in the HSC compartment after in vivo starvation ( Fig. 1e and Supplementary Fig. 3d ). Collectively, these results demonstrate that only long-lived HSCs, in contrast to their short-lived myeloid progeny, are able to mount a robust autophagic response upon metabolic stress.
Protective function of autophagy
Tissue culture studies indicate that autophagy provides starved cells with a window of survival, particularly when apoptosis is blocked 8 . To assess whether autophagy allows HSCs to survive conditions of metabolic stress, we cultured HSCs ex vivo with or without cytokines and BafA, and monitored apoptosis levels using a cleaved-caspase-3/7based luminescence assay. Although cytokine withdrawal was sufficient to promote low-level caspase activation, inhibiting autophagy with BafA both accelerated the onset and increased the level of apoptosis in starved HSCs ( Fig. 2a ). We functionally confirmed these results by transplanting HSCs that were cultured for 12 h with or without cytokines and BafA ( Supplementary Fig. 4a ). As expected, starved HSCs had significantly diminished reconstitution capability, and BafA-mediated blockade of autophagy resulted in a further reduction in the number of engrafting HSCs. To demonstrate that autophagy is directly involved in protecting HSCs, we generated mice with haematopoietic-specific deletion of the essential autophagy machinery component, ATG12 (Atg12 fl/fl Mx1-cre, hereafter called Atg12 cKO ) 22 ( Supplementary Fig. 4b, c ). As expected, we observed a significant increase in caspase activation in starved Atg12 cKO HSCs, which was comparable to that elicited by BafA ( Fig. 2b) . In contrast, we found no evidence of a protective autophagic response in the apoptosis-prone GMPs 23 as neither Atg12 deletion nor BafA treatment led to an additional increase in caspase activation above their already elevated basal levels ( Fig. 2b ). To confirm further that autophagy protects starved HSCs from undergoing apoptosis, we generated mice with haematopoietic-specific deletion of the apoptotic mediators BAK and BAX (Bak 2/2 Bax fl/fl Mx1-cre, hereafter called BakBax cKO ) 24 ( Supplementary Fig. 4d ). We found that BakBax cKO HSCs had no caspase activation in any of the tested culture conditions ( Supplementary Fig. 4e ), hence validating our ex vivo apoptosis assay and demonstrating that the mitochondrial apoptotic pathway is responsible for the death of starved HSCs. We also deprived Atg12 cKO mice of food for 24 h and observed a significant loss of phenotypic HSCs, which was not observed in control mice ( Fig. 2d ). Although we were unable to formally document increased apoptosis in starved Atg12 cKO HSCs (data not shown), our results support an essential role for autophagy in protecting HSCs during calorie restriction in vivo. Finally, we confirmed that HSCs, which underwent robust autophagy induction upon either ex vivo cytokine withdrawal or in vivo calorie restriction, were unchanged in their differentiation properties as measured by colony-forming unit (c.f.u.) assays or lineage reconstitution upon transplantation ( Supplementary Fig. 5 ). Collectively, these data demonstrate that HSCs use autophagy to prevent starvation-induced apoptosis and maintain their functionality. 
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Regulation of autophagy
To delineate why HSCs are competent for autophagy induction, whereas GMPs are not, we first measured the activation status of mammalian target of rapamycin complex 1 (mTORC1), the principal pathway restricting autophagy induction 6 . However, we did not observe differences in mTORC1 activation levels between HSCs and myeloid progenitors using intracellular flow cytometry staining for either phosphorylated mTOR (phospho-mTOR), or its direct target phospho-S6 ( Supplementary Fig. 6a ). We also did not find any major differences in phospho-S6 levels in HSCs and GMPs cultured for 6 h with cytokines, and confirmed that both were sensitive to rapamycinmediated mTORC1 inhibition ( Supplementary Fig. 6b ). These results indicate that the inability of GMPs to induce autophagy upon metabolic stress is not secondary to elevated basal levels of mTORC1 activation. We then used a commercial autophagy PCR array to interrogate the status of the autophagy machinery in HSCs, GMPs and terminally differentiated granulocytes (Gr1 1 Mac1 1 ) ( Supplementary  Fig. 7a ). Interestingly, granulocytes had a clear decrease in the expression of nearly all autophagy genes when compared to GMPs, indicating that mature myeloid cells lack the autophagy machinery needed to induce autophagic flux ( Supplementary Fig. 7b and Supplementary  Table 1 ). Moreover, we found that expression of the core autophagy machinery components was largely unchanged between HSCs and GMPs; nevertheless, many key upstream regulators and all the Atg8 homologues, which are turned over during autophagic proteolysis 6 , were specifically upregulated in HSCs ( Fig. 3a and Supplementary  Table 2 ). We extracted a pro-autophagic gene expression signature, and directly confirmed by quantitative RT-PCR the increased expression of these genes in HSCs compared to GMPs (Fig. 3b) . Collectively, these results support the idea that long-lived HSCs are molecularly wired to mount a protective survival autophagy response upon metabolic stress, whereas their short-lived myeloid progeny are not.
FOXO3A-driven pro-autophagy gene program
We next searched for specific transcriptional regulators that could maintain high expression of pro-autophagy genes in HSCs. We identified FOXO3A and p53 as two putative candidates ( Supplementary  Fig. 8 ) that can both trigger autophagy and apoptosis through induction of a largely overlapping set of targets 25, 26 . We already showed that HSCs and GMPs expressed p53 at similar levels 23 , and confirmed here that only HSCs had transcriptionally active nuclear FOXO3A ( Supplementary Fig. 9a ). In addition, we found higher expression levels of FOXO3A, and other family members, in HSCs compared to GMPs ( Supplementary Fig. 9b ). Notably, FOXO3A deletion led to a marked downregulation of the pro-autophagic program, with six of our identified targets showing significantly reduced expression in Foxo3a 2/2 HSCs (Fig. 3c ). We then crossed Foxo3a 2/2 mice with GFP-LC3 transgenic mice to assess how lack of FOXO3A affected the ability of HSCs to mount an adaptive autophagy response. We observed a nearly twofold increase in the basal levels of GFP-LC3 in Foxo3a 2/2 GFP-LC3 HSCs, consistent with constitutively lower levels of autophagic flux compared to control HSCs (Supplementary Fig. 9c ). Moreover, we found a marked reduction in autophagy induction in Foxo3a 2/2 GFP-LC3 HSCs, as demonstrated by the delayed loss of GFP-LC3 compared to control HSCs after 3 h and 6 h culture without cytokines ( Fig. 3d and Supplementary Fig. 9d ). In contrast, we did not find any significant changes in the expression level of pro-autophagic genes in Trp53 2/2 HSCs ( Supplementary  Fig. 10a ), nor in the basal GFP-LC3 levels or loss of GFP-LC3 upon cytokine withdrawal in Trp53 2/2 Gfp-Lc3 HSCs (Supplementary Fig. 10b, c) . Furthermore, we generated double-knockout Foxo3a 2/2 p53 2/2 GFP-LC3 mice and did not observe any additional increase in the basal GFP-LC3 levels or further delay in autophagy induction after cytokine withdrawal compared to Foxo3a 2/2 GFP-LC3 HSCs ( Supplementary Fig. 11a, b) . These results rule out a major role for the p53 pathway for autophagy induction in HSCs, and suggest that functional compensation by other FOXO family members 27 may account for the delayed autophagic response occurring in the absence of FOXO3A. Collectively, these experiments demonstrate that FOXO3A maintains a pro-autophagy gene expression program that specifically poises HSCs to rapidly mount a protective autophagic response upon metabolic stress.
Autophagy in old HSCs
Decreased capacity to undergo autophagy has been proposed to be associated with ageing 1,28 , and functional deficiencies in old HSCs underlie many of the blood pathologies associated with old age 3 . Thus, we investigated whether HSCs isolated from old mice ($24 months of age) displayed reduced autophagic potential compared to HSCs isolated from young mice (6-12 weeks of age) ( Supplementary  Fig. 12a ). Unexpectedly, electron microscopy analyses of freshly isolated old, wild-type HSCs revealed the presence of numerous autophagic vacuoles, which were absent in young HSCs (Fig. 4 ). In addition, old GFP-LC3 HSCs, but not myeloid progenitors, had decreased basal levels of GFP-LC3, and punctate GFP-LC3 was detectable even in the presence of cytokines in BafA-treated old GFP-LC3 HSCs (Supplementary Fig. 12b, 13a ). Furthermore, like young GFP-LC3 HSCs, old GFP-LC3 HSCs still underwent robust autophagic flux upon 6-h cytokine withdrawal ex vivo ( Supplementary Fig. 13b ). It was previously shown that old HSCs had elevated levels of activated mTORC1 (ref. 29 ) that 
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should, in principle, prevent such induction of autophagy. However, our analyses of phospho-mTOR and phospho-S6 levels revealed no significant differences in mTORC1 activity between young and old HSCs ( Supplementary Fig. 14a ). Collectively, these results indicate that old HSCs have higher basal autophagic flux than young HSCs, but retain their ability to induce autophagy upon metabolic stress.
To determine whether old HSCs are similarly poised to induce autophagy as their younger counterparts, we next investigated the expression status of their autophagy machinery ( Supplementary  Fig. 14b and Supplementary Table 3 ). We found that old HSCs had unchanged expression of all major components of the core autophagy machinery, upstream regulators and Atg8 homologues compared to young HSCs. We also confirmed that old HSCs still had nuclear FOXO3A expression ( Supplementary Fig. 14c ) and maintained expression of direct FOXO3A pro-autophagy targets (Fig. 5a ). Although expression of the p53 co-regulated Puma (also called Bbc3), Prkaa2 and Sesn2 targets was significantly reduced in old HSCs, it did not reflect a global decrease in p53 activity, as expression of other known p53 targets was either unchanged or even increased ( Supplementary  Fig. 14d ). Although old HSCs displayed overall lower levels of apoptosis, treatment with BafA significantly increased caspase activation to a level that eventually reached the apoptotic response elicited in starved young HSCs, albeit at a later time point ( Fig. 5b and Supplementary  Fig. 15a ). Altogether, these results demonstrate that autophagy induction provides a similar survival benefit to young and old HSCs.
To determine the function of basal autophagy flux in old HSCs, we then plated young and old HSCs in methylcellulose containing BafA ( Supplementary Fig. 15b ). Remarkably, BafA-mediated blockade of autophagy resulted in the specific loss of cloning efficiency of old HSCs, with no effect on young HSCs, which indicates that ongoing autophagy is actually required for the survival of old HSCs. Because a major function of autophagy is to mitigate oxidative stress via the removal of toxic proteins and damaged mitochondria 6 , we used the fluorescence-based dichlorofluorescin diacetate (DCFDA) probe to measure reactive oxygen species (ROS) levels. However, we found similar ROS levels at steady state and an equivalent increase upon BafA-mediated blockade of autophagy in both young and old HSCs ( Supplementary Fig. 15c ). We next used the fluorescently labelled deoxyglucose analogue 2-NBD glucose to directly compare the ability of young and old HSCs to uptake glucose in culture conditions with cytokines ( Fig. 5c and Supplementary Fig. 15d ). Notably, we found that old HSCs had significantly attenuated 2-NBD glucose uptake compared to young HSCs, suggesting that impaired nutrient uptake could be a major driver for the heightened autophagy flux in old HSCs. This would be consistent with the recently reported decrease in cytokine availability in the old bone marrow microenvironment 30 . To directly assess whether old HSCs need autophagy to preserve energy levels, we then co-cultured old and young HSCs for 32 h with or without BafA and methyl pyruvate, a cell-permeable form of pyruvate that alleviates the need for nutrient uptake to maintain ATP production 31 . Remarkably, incubation with methyl pyruvate significantly rescued the decreased plating efficiency of old HSCs observed upon BafA-mediated blockade of autophagy ( Fig. 5d ). Collectively, these results demonstrate that old HSCs do not have reduced autophagy potential but, in fact, rely on autophagy for their continued survival in response to reduced nutrient uptake and energy production.
Discussion
We show that autophagy is essential to protect adult HSCs from metabolic stress and, probably, permits the HSC compartment to withstand the growth factor fluctuations and nutrient deprivations that naturally occur in the bone marrow microenvironment, especially after haematopoietic injury 32 . We establish that HSCs are uniquely wired to mount an autophagy-mediated cytoprotective response due to the expression of a FOXO3A-driven pro-autophagy gene expression program that poises them for rapid induction of autophagy after metabolic stress ( Supplementary Fig. 16 ). Our results are consistent with the haematopoietic phenotype of Foxo3a 2/2 mice 33 , which have a diminished HSC pool size later in life, and indicate that in the absence of robust autophagic capacity, HSCs are no longer fully protected in vivo.
Our work also challenges the prevailing view in the ageing field that impaired autophagy is one of the principal determinants of cellular ageing 28 . Instead, we found that the regulatory pathways that poise HSCs for rapid induction of autophagy remain intact during physiological ageing, and that ongoing autophagy is essential for the continued survival of old HSCs. In fact, old HSCs have been shown to accumulate DNA damage and to often lose their functionality, which are believed to be at the root of the elevated incidence of blood disorders in the elderly 3 . Here we show that old HSCs also have decreased capacity for nutrient uptake, potentially due to the untoward effects of Results are expressed as log 2 fold expression compared to young HSCs (set to 0). b, Apoptosis levels in cultured young and old HSCs (n 5 3). Results are expressed as the percentage of caspase activation compared to 1cytokine young HSCs. Hatching indicates 2cytokine conditions. c, 2-NBD glucose uptake in cultured young and old HSCs (n 5 3). d, Percentage colony formation in young and old wild-type HSCs cultured for 32 h with or without BafA and methyl pyruvate (n 5 3). Colonies were counted at day 10 and normalized to 2BafA conditions. Data are mean 6 s.d. *P # 0.05; **P # 0.01; ***P # 0.001.
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an aged bone marrow environment 30 , and thus rely on ongoing autophagy to maintain their energy levels and survive in these cytokinepoor conditions ( Supplementary Fig. 16 ). This finding demonstrates that autophagy directly protects the old, albeit inefficient, blood system. It will now be interesting to determine whether autophagy also indirectly contributes to the development of age-related blood diseases by allowing the survival of damaged, dysfunctional or transformed old HSCs that would routinely be eliminated via apoptosis in younger animals.
METHODS SUMMARY
Young mice were 6-12 weeks of age and old mice were $24 months of age. All mouse strains, except for Atg12 fl/fl , and protocols for cell isolation and transplantation procedures were described previously. Cells were cultured in StemPro-34 or methylcellulose medium containing or not cytokines (IL-3, GM-CSF, SCF, IL-11, Flt-3L, Tpo, Epo), bafilomycin A (BafA, 5 nM) and methyl pyruvate (10 mM). Apoptosis assays were performed in 384-well plates using the Caspase-Glo 3/7 Promega protocol. GFP-LC3 fluorescent microscopy and immunostainings were performed on cells directly sorted onto poly-lysine-coated slides and fixed in 4% PFA. Intracellular phospho-staining, flow cytometry analyses of DCFDA-based ROS production and 2-NBD glucose uptake, and RNA isolation followed by qRT-PCR analyses were performed as described previously. Mouse Autophagy RT 2 Profiler PCR Arrays were purchased from SABiosciences and used as recommended by the manufacturer. All data were expressed as mean 6 standard deviation (s.d.). P values were generated using two-tailed student's t-test.
Full Methods and any associated references are available in the online version of the paper.
